and K ¼ 0.84 yr ÿ1 for males). The mortality rate (Z) (6 95% confidence limit) calculated by lengthconverted catch curves was estimated as 3.93 (6 2.00) yr ÿ1 . The structure of the recruitment patterns obtained by the ELEFAN program indicated two normally distributed groups. The estimated longevity was 0.75-1.0 yr for the summer generation and 0.58-0.83 yr for the winter generation.
The planktonic shrimp Acetes chinensis Hansen, 1919, inhabits the coastal areas of the Indo-West Pacific, Korea, China, Taiwan, and Japan and is locally abundant in the coastal areas of Korea (Omori, 1975; Holthuis, 1980; Wu, 1991) . The sea off the west coast of Korea is relatively shallow (, 30 m) with silty sediments, and provides highly suitable habitats for the shrimp. The shrimp plays a substantial role in the food webs of coastal waters, acting as predators, feeding on a variety of foods ranging from diatoms, copepods, meroplankton of molluscs to detritus and, in turn, as prey for many fishes and other predators (see Xiao and Greenwood, 1993, for references) . In Korea, A. chinensis, along with A. japonicus, is commercially exploited from March to November, using single-walled tangle nets and stow nets. The main uses of the shrimp are as fermented food or as a dry product. For recent six years (1995) (1996) (1997) (1998) (1999) (2000) , the combined annual mean catch of both species is about 16,600 mt, accounting for approximately more than 40% of total shrimp catch (40,200 mt) in Korea (MOMAF, 2001) .
This ecological and economic importance has stimulated various investigations about the reproduction and ecology of Acetes shrimps (see Xiao and Greenwood, 1993, for references) . Numerous investigations of A. chinensis have been made on the coastal waters of the Yellow Sea because of the narrow range of distribution of the shrimp. Several studies have locally examined aspects of reproductive biology of the species such as reproductive cycle, spawning, maturity, breeding pattern, and fecundity (Yoshida, 1949; Wu and Cheng, 1957; Kim, 1974a; Liu and Zhang, 1981; Chen and Xing, 1986; Wu, 1991; Zhang, 1992) . Population structure, behaviour, and feeding ecology have also been well documented (Chen and Xing, 1986; Huang et al., 1981; Omori, 1975; Wu and Cheng, 1957) , but only one study has addressed its population dynamics in the Kutubdia channel of Bangladesh coastal waters (Zafar et al., 1998) . However, to date there have not been any studies on the population dynamics of A. chinensis in the Yellow Sea. Thus, its stock assessment and fisheries management in the area have been impeded by local dispersion of data available on reproductive biology and lack of information on population dynamics (Xiao and Greenwood, 1993) .
The present study investigates the reproductive biology of A. chinensis in the coastal areas of Korea based on observations of gonad index and ovarian development. Sex ratio, size at sexual maturity, fecundity, and relationship between reproductive variables and certain body dimensions, are also investigated. Growth, mortality, and recruitment patterns have been estimated on the basis of length-frequency data analysis (LFDA) for monthly samples collected from May 2000 to October 2001.
MATERIALS AND METHODS
Sample Collection and Measurements.-Monthly samples of Acetes chinensis were collected from the shrimp fisheries on the western coast of Korea (348489N, 1258479E) between May 2000 and October 2001. Sampling utilized a singlewalled tangle net with fine mesh size (5 3 5 mm). Samples were fixed in 5% neutralized Formalin. Sex was determined by the presence or absence of the petasma on the first pleopod. Carapace length (CL), the shortest distance between the posterior margin of the orbit and the middorsal posterior edge of the carapace, was measured using a dissecting microscope (Zeiss Stemi SV-6) and Image-Pro Plus Version 4.1 to nearest 0.01 mm.
Ovary Examination.-For each female, additional observations were made. Maturity of the ovary was determined within four categories based on morphological characteristics of the ovaries, according to Wu and Cheng (1957) : (1) immature ovaries; (2) mature ovaries; (3) near spawning; (4) spent ovaries. Female body dry weight was determined by drying at 808C for 48 h and weighing to the nearest 0.1 mg using an electronic digital balance (Sartorius BP 201S). The oocytes in mature ovaries were counted to determine fecundity because females spawn their eggs directly into the water without egg brooding. The gonad index (GI) was determined as follows:
GI ¼ ðovary dry weight=female body dry weightÞ3100
½1
To ascertain more detailed information concerning the reproductive aspects of A. chinensis, investigation at an approximately weekly interval during the breeding season (June-September) in 2001 was made.
Size at Sexual Maturity.-The proportion of sexually mature female, based on the number of females past stage 2 in ovarian development, was calculated for each size class. The size at sexual maturity was estimated using proportions of females with mature ovaries. The proportion of mature female by size was fitted to a logistic equation as described by King (1995) :
where P is the predicted mature proportion, a and b are coefficients of the logistic equation, and CL is the carapace length. The parameters were estimated by nonlinear regression analysis in SYSTAT Version 10.0. Size at sexual maturity (CL 50 ) is the carapace length that corresponds to a proportion of 0.5 of those sexually mature. It was calculated from the ratio between the constants a and b (CL 50 ¼ ÿ(a/b)).
Growth, Mortality, and Recruitment Pattern.-Lengthfrequency distributions (LFD) were constructed for males, females, and pooled data, using 0.5-mm intervals of CL. Growth was described using the modified von Bertalanffy growth function (VBGF) (Pauly and Gaschütz, 1979) :
where L ' (L-infinity) is the asymptotic length, K is the intrinsic growth rate, t 0 is a theoretical age at zero length, C is the amplitude of seasonal growth oscillation, t s is the age at the beginning of growth oscillation, and WP (¼ t s þ 0.5) is the time of year when growth is slowest. Growth curves were estimated from the length-frequency distribution data (LFDA) using the ELEFAN in FiSAT program (Gayanilo and Pauly, 1997) , a nonparametric method to fit the modified VBGF through modes. The Rn value gives an estimator of the goodness of fit. ELEFAN estimates the growth parameters (L ' , K, C, and WP) without standard errors. According to Pauly (1987) , t 0 estimates cannot be obtained solely from the length-frequency data, so it was necessary to supply a carapace length at hatching of 0.576 mm CL in first mysis stage described by Liu and Zhang (1981) to the ELEFAN program to allow an estimation of t 0 .
Comparison of growth performances of shrimps was made using a growth performance index (/9) (Pauly and Munro, 1984) :
Mortality was estimated in ELEFAN using a linearized length-converted catch curve (Pauly, 1983 (Pauly, , 1984 . The recruitment pattern of A. chinensis was established by projecting the corrected length-frequency data backward into time axis to zero length, using the estimated growth parameters (Pauly, 1982) . Normal distribution of the recruitment pattern was determined by Hasselblad's (1966) NORMSEP in FiSAT (Gayanilo and Pauly, 1997) .
Statistical Analysis.-Chi-square test was employed to locate difference in the occurrence of males and females over the sampling period. The differences in the sizefrequency distributions of population between two sexes were determined by the Kolmogorov-Smirnov two-sample test (Sokal and Rohlf, 1995) . The differences in mean gonad index between months were tested using an analysis of variance (ANOVA). Prior to ANOVA, assumptions of ANOVA were examined using Bartlett's test. Where necessary, the data were transformed to produce acceptable homogeneity of variances and distribution of residuals. If transformed data did not produce acceptable homogeneity of variances, difference in the variables was tested using nonparametric tests, Mann-Whitney U-test and KruskalWallis test (Sokal and Rohlf, 1995) . The linear regression of fecundity on the carapace length was analyzed with log etransformed data. Statistical analyses were accomplished in MINITAB Version 12.1 and SYSTAT Version 10.0.
RESULTS

Population Structure
Between May 2000 and October 2001, a total of 3266 shrimps (1809 males and 1457 females) were examined. The carapace length of the shrimps ranged from 3.24 mm to 10.39 mm for males and from 3.88 mm to 11.12 mm for females. Mean carapace length for males and females were 5.80 (6 1.04) mm and 7.21 (6 1.43) mm, respectively. There was a highly significant difference in mean carapace length between males and females (Mann-Whitney U-test: ¼ 595,610.5, df ¼ 1, P , 0.001). Males were numerous at smaller size classes, whereas females were dominant at larger size classes (Fig. 1) . Statistical analysis revealed a highly significant difference in the size-frequency distribution between males and females (Kolmogorov-Smirnov two-sample test; d max ¼ 0.46, P , 0.001).
Sex Ratio, Breeding Pattern, and Fecundity In most samples, there was a predominance of females, except for March 2001. Chi-square test revealed that the total number of females was significantly greater than that of males in the samples throughout the sampling period (v 2 ¼ 211.04, df ¼ 17, P , 0.001), although the sex ratio varied month to month, year to year. Number of females increased logistically with carapace length from about 5% at a carapace length of 4.0 mm to over 90% at a carapace length of greater than 8.5 mm (Fig. 2) . Females outnumbered males at carapace lengths greater than 7.5 mm.
About 35 females were examined monthly for the ovarian condition and gonad index (GI) estimation. The monthly occurrence of mature females past ovarian stage 2 showed similar trends during both years. The mature females first appeared in April, reached a peak in July, and then did not appear after September (Fig. 3) . No females with spent ovaries were observed during the study period. The main breeding season (percentage of females with mature ovaries greater than 50%) was from July to September in 2000 and from June to September in 2001. Although slightly different between the two years, the main breeding season generally fell into summer. These overall results indicate a single breeding period lasting from June to September. Similar pattern could be found in monthly changes of gonad index (GI), showing relatively higher GI during the annual breeding season (Fig. 4a) . Statistical results showed a significant difference in the mean gonad index between months (Kruskal-Wallis test: H ¼ 470.90, df ¼ 17, P , 0.001). Mean gonad index examined at shorter time intervals during the breeding season (June-September) in 2001 peaked both in the middle of June and early September (Fig. 4b) . This result indicates that the higher spawning activity occurred twice in a given reproductive season. The number of ova of females with mature ovaries was directly counted for 27 females A. chinensis. The number of ova ranged from 2455 to 9839, in females that ranged 5.43-9.97 mm CL. Regression analysis on log e -transformed data showed that there was a significant relationship between ova number (F) and carapace length (CL) (Fig. 5 ): ln F ¼ 1.70 (6 0.36) ln CL þ 5.08 (r 2 ¼ 0.44, P , 0.001).
Size at Sexual Maturity
The 665 females examined ranged from 3.88 mm to 11.04 mm CL. Of these, 212 were in a sexually mature condition and sexually matured at a minimum carapace length of 4.74 mm. The proportion of mature females by length class increased logistically with length, and the maturity curve indicated that 50% maturity (CL 50 ) occurred at 8.96 mm CL (Table 1 and Fig. 6 ).
Growth, Mortality, and Recruitment Pattern
The length-frequency distribution showed that there was a somewhat appreciable shift in modal length of cohorts with time (Fig. 7) . The population had two annual generations per year, displaying similar pattern in both males and females (Fig. 7) . The monthly changes in gonad index showed a single reproductive period (June-September) (Fig. 4a) but recruitment occurred twice a year. This indicates that differences at spawning time of individuals within the single reproductive period led to two cohorts. A cohort formed by offspring spawned between June and July appeared at July (summer generation). It grew rapidly during the warmer season, and spawning took place in August and September. Its offspring grew slowly in colder season, and other recruits occurred in January and February (winter generation). The cohort could be followed through to June or July of the same year. The maximum life span was estimated to be 0.25-0.42 yr for the summer generation and 0.91-1.0 yr for the winter generation.
The von Bertalanffy growth function (VBGF) parameters, estimated by ELEFAN for each sex and for pooled data, are summarized in Table 2 . The values of L ' and K for combined data were 13.94 mm CL and 0.64 yr ÿ1 , respectively. The analyses of modal progression for each sex separately showed that females (L ' ¼ 13.51 mm CL, K ¼ 0.69 yr ÿ1 ) are higher in L ' and K than males (L ' ¼ 10.48 mm CL, K ¼ 0.84 yr ÿ1 ). Females had greater growth rates at age than males (Fig. 8) . This is indicated by the growth performance indices (/9) (Table 2): 1.97 for males, 2.10 for females. The growth curves showed a strong seasonal oscillation in growth (C) of 55% for females, 95% for males, and 95% for combined data. The phase of slow growth occurred in August for females (WP ¼ 0.64), males (WP ¼ 0.60), and pooled data (WP ¼ 0.61). This indicates that the slow growth rate of A. chinensis occurred during breeding period.
The mortality rate (Z) (6 95% confidence limit) calculated by length-converted catch curves was Z ¼ 3.93 (6 2.00) yr ÿ1 . The catch curve utilized in the estimation of Z is represented in Fig. 9 . The correlation coefficient for the regression was 0.76 (a ¼ 8.76 and b ¼ ÿ3.93).
The structure of the recruitment patterns obtained by the ELEFAN program indicated two normally distributed groups (summer and winter) (Fig. 10) . Percentage of the recruitment was 70% for the former season, and 30% for the latter season; peaks appeared during September-October.
DISCUSSION
The sex ratio in A. chinensis population on the western coast of Korea was in favor of females in most of the years. Similar results were observed in several Acetes species (Chaitiamvong, 1980; Henry, 1977; Lei, 1988; Zhang, 1992) . Sex ratios may be related to the growth, mortality, and behavior of the shrimp populations. As shown in this study, faster growth in females results in higher mesh-size selection, leading to the biased proportions toward females. This is supported by the results of this study that proportions of females increased logistically with carapace length. Another explanation for the higher occurrence of females in the study area is biased because of gregarious behavior, a well-known phenomenon in Acetes species (see Xiao and Greenwood, 1993 , for references). According to Luo and Zhang (1957) , spawning migration and vertical migration of A. chinensis showed strong annual and spatial variations in the pattern of its seasonal migration and possibly leads to the bias in the sex ratio.
The maximum number of ova of A. chinensis in this study (9839) are similar to that obtained for the species from the Pohai Bay (9863) (Zhang, 1992) . Regression analysis on the logtransformed data showed a weak relationship (r 2 ¼ 0.44), although the regression was significant. Similarly, after transforming Zhang's (1992) data into logarithm, Xiao and Greenwood (1993) re-analyzed relationship between the number of ova and body length, using the least squares method, and obtained a low value of correlation coefficient (r 2 ¼ 0.28). However, regression analysis between the two dimensions in penaeid prawns with similar reproductive mechanism and in numerous caridean shrimps showed that over 70% of the total variation in fecundity is accounted for by the fitted regression, suggesting that female body size was the principal determinant of the number of eggs (Cha et al., 2002; Corey and Reid, 1991; Oh and Hartnoll, 1999) . One explanation for the weak relationship between the number of ova and body size may be found in spawning behavior. Chen (1990) observed that an ovary of A. chinensis contained ova at different developmental stages, suggesting the possibility of its multiple spawning. In the present study, a wide range of ovum size within an ovary also was observed, although unquantified. This implies that the spawning of all ova in an ovary does not occur synchronously. Thus, such spawning Acetes chinensis showed a single breeding season over the period June-September, with a peak in July, as reflected by both the incidence of mature females and monthly variation in gonad index of A. chinensis in this study area. This result generally is consistent with observations on both the central western coast of Korea (Kim, 1974a, b) and the Pohai Sea of China (Liu and Zhang, 1981; Wu, 1991; Wu and Cheng, 1957) , although initiation and termination of spawning time differed slightly. Thus, these results suggested that A. chinensis population of the Yellow Sea spawned during similar season. As reported by Xiao and Greenwood (1993) , the spawning activity of Acetes species may be related to water temperature. In the Pohai Sea, Liu and Zhang (1981) reported that spawning of the population began at temperatures of 188C and reach peaks at 208C. In the present study, no females with spent ovaries were found in natural conditions. These observations suggest that females died immediately after spawning. Similar observations were made for Acetes japonicus Kishinouye, 1905 , in the Ariake Sea (Ikematsu, 1953) .
Size at sexual maturity of A. chinensis was 8.93 mm CL, which corresponds to a total length of 40.83 mm. Size at maturity fell into the range of a total length of 18-43 mm observed by Zhang (1992) in the Pohai Bay and 21.2-40.9 mm observed by Kim (1974b) in the central western coast of Korea.
In this study, the von Bertalanffy growth models fit the data of the examined A. chinensis well, as indicated from high score functions (Rn). The K values (0.84 in males, 0.69 in Fig. 8 . Average growth curves for male, female, and pooled data of Acetes chinensis based on length-frequency data during the study periods. females, and 0.64 in pooled data), corresponds to the best estimate of L ' (10.48 mm CL in males, 13.51mm CL in females, and 13.94 mm CL in pooled data). The growth performance index (/9) is preferred for growth comparison between sexes of a species, and between species, rather than comparison of L ' and K individually, as the two growth parameters are inherently negatively correlated (Pauly and Munro, 1984) . There are some differences in the growth performance indices (1.97 in males and 2.10 in females) between the two sexes, indicating that female A. chinensis grow faster and reach a larger size at age than males. Slow growth occurred within the summer months of June (males) and August (females). In both males and females, the slow growth phase coincided with breeding period, reflecting metabolic costs associated with reproductive activities. This study indicated two major recruitment events per year: summer and winter. This is in good agreement with Zafar et al. (1998) . This could be accounted for by the reproductive pattern that occurs during an extended period lasting from June to September. As shown in the weekly changes of gonad index within a given reproductive period, two spawning peaks are observed. The occurrence of two normal distributions in recruitment of A. chinensis appears to be related to gap in the time of spawning peaks of females during the single reproductive period. One cohort in July is formed by offspring spawned in June and July. Another in January to February is formed by offspring spawned in August to September. However, no females with mature ovaries are observed during the period of this study. This makes the possibilities of more than one brood unlikely. To clarify the life cycle of A. chinensis, further investigations will be made to obtain the substantial evidence supporting such reproductive aspects.
The total mortality (Z) of A. chinensis in the coast of Korea was high. Explanations for the high mortality include variable fish predation, and an overestimation of total mortality (Z) due to emigration. In the study area, the shrimps are vulnerable to heavy predation (Wu, 1991; Wu and Cheng, 1957; Xu, 1957) . Another explanation for the elevated estimate of total mortality is error caused by migrations, a well-known phenomenon in A. chinensis (Luo and Zhang, 1957; Feng et al., 1982; Wu, 1991) . Luo and Zhang (1957) concluded that migration of A. chinensis in Liaotung Bay may be associated with changes in water temperature and food availability.
